Objective: A valid method for accurate quantification of abdominal fat distribution (AFD) using both CT and MRI is described. This method will be primarily useful in the prospective risk stratification of patients undergoing reconstructive breast surgery. Secondary applications in many other clinical specialities are foreseen. Methods: 15 sequential patients who had undergone breast reconstruction following both CT and MRI (30 scans) were retrospectively identified at our single centre. The AFD was quantified at the level of the L3 vertebra. Image analysis was performed by at least two independent operators using free software. Intra-and interobserver differences were assessed using Bland-Altman plots. Data were validated between imaging modalities by Pearson's correlation. Linear regression analyses were used to mathematically normalize results between imaging modalities.
INTRODUCTION
Obesity is a growing pandemic associated with many pathologies and resulting in significant morbidity and mortality. [1] [2] [3] [4] [5] [6] Obesity is understood to have contributed to 3.4 million deaths worldwide in 2010. 7 The body mass index (BMI) is a widely used measure of obesity; however, when used alone, it is not useful in the diagnosis of obesity. 8 The accurate quantification of obesity is essential in studies investigating the outcomes as a function of obesity, so that trends may be reliably identified and interpreted. Alternative methods of measuring obesity include the quantification of total abdominal area (TAA), total abdominal fat (TAF), subcutaneous adipose tissue/extraabdominal fat (EAF), abdominal visceral fat/intra-abdominal fat (IAF) and abdominal waist circumference (AWC), collectively known as the abdominal fat distribution (AFD). These important measurements are schematically represented in Figure 1 . Measurement of the abdominal fat compartments is useful because the fat distribution is shown to be a more specific indicator of associated morbidity than BMI alone. For example, AWC and IAF have been shown to be more accurate measures of obesity than BMI. 9, 10 In addition, there is a growing body of evidence highlighting the negative effects of IAF in comparison to EAF or peripheral fat. 11, 12 IAF or central obesity is a particularly important predictor of morbidity since central obesity increases the direct exposure of visceral organs, such as the liver, to a high concentration of fatty acids and its metabolites resulting in additional metabolic and cardiovascular effects. 13, 14 Methods to measure AFD have been widely reported in both CT and MRI modalities. 15, 16 CT imaging has the advantage of being relatively quick to acquire, with fewer contraindications and limitations than MRI. It also has the added advantage of being able to accurately and consistently quantify IAF. 17, 18 CT imaging is limited because it exposes patients to a significant dose of radiation, which makes it difficult to clinically justify its use in certain patient groups. MRI is a reliable alternative as adipose tissue has a typical short longitudinal relaxation time compared with other tissues which makes the quantification of it possible. Measurements of AFD calculated from CT and MRI have been shown to have a strong positive correlation when performed according to pre-defined research criteria and in immediate succession. [19] [20] [21] [22] [23] [24] However, no study has either validated or investigated the comparability of retrospective measurements of the AFD from CT and MRI performed solely due to clinical indication outside of pre-defined research/study criteria and undertaken at different points in time. Accurate quantification of AFD using existing, non-sequential CT or MRI is desirable because it is directly applicable to the current clinical environment and is predicted to provide valuable data when risk-assessing patients for elective surgery or interventions at no extra cost to the healthcare provider.
The primary aim of the study was to validate retrospective measurement of AFD on CT and MRI when performed without pre-defined research criteria and undertaken non-sequentially. The secondary aim was to determine the mathematical relationship between measurements of AFD across both imaging modalities. Achieving this secondary aim allows normalization of measurements between imaging modalities independent of scan timing and has great clinical utility. The ultimate aim of this study is to develop a method that allows measurement of AFD which can be performed by the clinician in the outpatient setting and used to stratify patients undergoing reconstructive breast surgery according to complications. These data would be practically used to guide reconstructive approach according to risk.
METHODS AND MATERIALS
This retrospective study was performed using anonymized CT and MRI from breast cancer patients prior to planned deep inferior epigastric perforator flap breast reconstruction at the Canniesburn Plastic Surgery Unit 25 (Glasgow, UK). Patients were identified from a prospectively maintained local database of all patients planned to undergo flap reconstruction at the department. This report is part of a larger study that aimed to identify relationships between complications of reconstructive breast surgery and specific measurements of AFD. The inclusion criteria for the larger study required it be limited to patients with carcinoma breast with reconstructive breast surgery. Patients were included if they had both pre-operative CT and MRI of the abdomen which could be downloaded from the national picture archiving communications system (Figure 2) . 26 Pre-operative CT imaging was performed in the supine position with breath-hold to minimize motion artefact. MRI performed in the prone position because the acquisition time is greater than a breath-hold for MRI to get the required spatial resolution. Under these conditions, the prone position minimizes any movement of anterior abdominal wall and ensures that the region of interest is as close as possible to the coils. Flexible body array coils were used for all MRI. A transverse cross-section at the level of the third lumbar vertebra was used for image analysis. This technique had been previously demonstrated to be non-inferior to volumetric analysis of the adipose tissue of the abdomen and used in numerous previous studies. 20, 26, 27 Patients who had imaging at the appropriate level with portions missing or absent were excluded as analysis was likely to yield irreproducible and unreliable results.
Study approval
The study was approved by the local picture archiving communications system Clinical Advisory Group (C5507943), Caldicott Guardian and West of Scotland Research Ethics Service.
Image analysis and data collection Demographic data collected included age, weight, height and BMI. Pre-operative abdominal CT and MR images were analysed for all patients who met the inclusion criteria. Eligibility for inclusion was determined by a single investigator. Transverse cross-sectional images were obtained at the level of the third lumber vertebra, which was identified by counting up from the sacrum on the sagittal view of the abdomen. Images were downloaded in the digital imaging and communications in medicine format, with preservation of the actual dimensions of the patients to avoid magnification indices and scales, and anonymized prior to any analysis. 28 Each image was analysed by two individual investigators to identify any significant interobserver difference in measurements. All investigators analysing the images were blinded to the correlation of any image to either the respective case or the other imaging of the same case.
The mean values were subsequently calculated using the values obtained by all investigators in order to ensure the most accurate value was used for comparative analysis. Images were also reanalysed by an individual investigator to identify any intraobserver differences in measurements.
All analysis was performed using the ImageJ software package (National Institute for Health, Bethesda, MD). A semi-automated threshold technique was used to remove investigator bias ( Figure 3 ). This approach has the advantage of removing investigator bias and negates the requirement for hand-drawn regions of interest for fat evaluation that is both subjective and labour intensive. Using this technique, only manual muscle outlining is required. For all patients, measurements were made to quantify the TAA, TAF, EAF, IAF and AWC. Adipose tissue was differentiated from non-adipose tissue by setting modality-specific threshold values ( Figure 3 ). CT images were analysed by setting the Hounsfield units between 2190 and 230 to include maximal adipose tissue. 19, 20, 29 For MR images, the pulse sequence used was the true fast imaging with steady-state free precession. When using this sequence, the signal intensity is seen to be directly related to the T 2 /T 1 ratio which is low for most solid tissues with the exception of fat and fluids. The true fast imaging with steadystate free precession sequence parameters were repetition , slice thickness 5 4 mm. We carried out a threshold segmentation technique by selecting the midpoint between the two peaks of the identified signal intensities in the histograms, with the presumption that mostly adipose tissue would be selected (Figure 3 ). Individual components of AFD were differentiated by defining boundaries. AWC was almost always highlighted automatically with the occasional image requiring hand-tracing. Abdominal muscles were hand-traced in all cases, so that the IAF area could be distinguished from the EAF area. All measurements were automatically calculated by the ImageJ software package (National Institutes of Health, Bethesda, MD: http://imagej.nih.gov/ij/).
Statistical analysis
All measurements were calculated as an area (cm 2 ) or length (cm). Continuous variables were reported as mean [standard deviation (SD), range] and compared using one-way analysis of variance with Holm-Sidak pairwise comparison. Inter-and intraobserver differences were evaluated by scatter plot with linear regression, with Pearson correlation and using BlandAltman plots. For the Bland-Altman plots, the limits of agreement were calculated from the difference between the investigators' measurements for each fat compartment using the same imaging modality. To determine the mathematical relationship between imaging modalities, averaged measurements obtained for each parameter of AFD in both imaging modalities were plotted on a scatter graph so that linear regression analysis could be performed and Pearson's coefficient calculated. Regression formulas were used to describe the predictability of the findings of one imaging modality given the other. p-values ,0.05 were considered statistically significant. Statistical significance denoted as: NS, p . 0.05; *p # 0.05; **p # 0.01; ***p # 0.001. Statistical analyses were performed using SigmaPlot® v. 12.0 (Systat Software Inc., San Jose, CA). 30 
RESULTS
In total, 15 patients had both CT and MR images that were suitable for comparative analysis (Figure 2) . A total of 30 images were analysed. These images were performed between August 2009 and January 2015. MRI was typically performed at a later date than CT imaging with a mean time between scans of 68 days (77.8 SD, range 1-255 days). The average age of patients at the time of MRI was 48.7 years (67.1 SD; range 31.7-57.7 years). 14 patients (93.3%) had data recorded relating height, weight and BMI; and all patients had measurements of AFD on CT and MRI (Table 1) . No significant differences were identified in mean measurement of TAF, EAF and IAF between imaging modalities. By contrast, significant differences were demonstrated between mean TAA and AWC measurements ( Table 1) .
Validation of method
In order to determine the reliability of the measurement method, an assessment of intra-and interobserver variability was performed. A total of five measurements were made from each image, representing the parameters of AFD, resulting in a total of 150 measurements. Intraobserver variability was evaluated by comparing repeated measurements made by a single investigator. Interobserver variability was evaluated by comparing the measurements made by two independent investigators.
A formative assessment of intra-and interobserver variability was performed by scatter plot with linear regression, with Pearson's correlation and using Bland-Altman plots. For the Bland-Altman plots, the limits of agreement were calculated from the difference between the investigators' measurements for each fat compartment using the same imaging modality (Table 2 and Figure 4 , and Supplementary Data). This approach confirmed that the intra-and interobserver discrepancies were not statistically significant (Table 2 and Figure 4 , and Supplementary Data). This finding is important because it validates the method of measurement across imaging modalities, performed without pre-defined research criteria and undertaken non-sequentially in keeping with the primary aim of this study.
Mathematical normalization between imaging modalities
To achieve normalization between the imaging modalities, measurements of AFD were plotted on scatter graphs ( Figure 5 ). Regression analyses highlighted highly significant positive correlations between all measurements of AFD obtained from CT and MRI (Table 3 ). The correlation for AWC was notably lower than all other parameters of AFD but remained statistically significant. Pearson's correlation coefficient calculations were performed to mathematically describe the trends observed (Table 3 and Figure 5 ). As all correlation was statistically significant, regression lines and their formulae were calculated for TAA, TAF, EAF, IAF and AWC ( Figure 5 
DISCUSSION
A number of studies have reported the reliability of prospective measurements of AFD using CT and MRI, comparing a range of methods and technical settings. [19] [20] [21] [22] [23] [24] This is the first study to demonstrate a strong statistically significant relationship between retrospective measurements of AFD on CT and MRI. The scans used in this study were not performed sequentially or in a research setting and as such faithfully represent the current clinical environment. We demonstrate a robust and reproducible Figure 4 and Supplementary Data. Statistical significance is denoted as: NS p . 0.05; *p # 0.05; **p # 0.01; ***p # 0.001.
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method to compare measurements of AFD from retrospective imaging performed solely on clinical merit at different points in time. Similar to previous prospective studies, strong positive linear correlations have been identified and mathematical equations developed to normalize measurements between imaging modalities, for TAA, TAF, EAF, IAF and AWC are described.
Measurements of EAF and IAF using both CT and MRI were first compared by Ross et al 24 in a cohort of 17 rats who, unlike our study cohort, were all subjected to total body imaging. With both modalities, imaging was performed with the rats in the supine position, slices taken at identical positions and imaging was performed in immediate succession. They reported no significant differences in measurements of IAF between the two modalities, and identified strong positive correlations when comparing measurements of EAF and IAF. In keeping with our own findings, they noted statistically significant differences when comparing mean measurements of TAF and EAF between modalities. The first human comparative study was reported by Seidell et al. 20 This prospective study subjected seven healthy male volunteers to successive CT and MRI. Similar to the study by Ross et al, imaging was performed with the subjects in the supine position; however, in this study a single slice transverse image was analysed taken midway between the lower rib margins and iliac crests. Seidell et al reported strong correlations across modalities when measuring TAF, EAF and IAF. These prospective findings have since been confirmed by a more recent study by Klopfenstein et al 19 where successive CT and MRI were performed on 27 patients. In our study, imaging was performed in a non-sequential manner. We recognize the small participant numbers are a limitation of this study. Despite this, we found that measurements of TAF, EAF and IAF all appear to be independent of imaging modality or timing of imaging.
As highlighted above and in contrast to previous studies, the images used in our analyses were undertaken at different time points. The time between imaging studies did not appear to alter previously observed positive correlations when measuring AFD on CT and MRI. This suggests imaging performed up to a year apart could be reliably analysed and compared as demonstrated in our cohort. The reliability of this analysis could be potentially confounded by significant weight loss or gain that was not observed in our cohort. A further advantage of this approach is its independence of patient position. All of the prospective studies intentionally positioned patients in the supine position when obtaining images with both modalities. However, this was not possible in our retrospective cohort of patients, as CT imaging analysed was performed in the supine position and MRI performed in the prone position because the acquisition time is greater than a breath-hold for MRI to get the required spatial resolution. We hypothesize that this may have contributed to the significant difference noted in mean TAA and AWC measurements. Despite this, strong relationships were still demonstrated between TAA and AWC measurements collectively. Patient positioning may also partly explain why MR measurements of TAA and AWC were consistently lower than their counterpart CT measurements, as fat in the anterior abdomen may have been compressed over the longitudinal plane when prone in a way that is restricted by the thicker skin and visceral support when supine. By contrast, the TAF, EAF and IAF appear to be less affected by patient position and extrinsic compression. Since EAF and IAF combine to form TAF, it is unsurprising that these measurements are collectively unchanged by imaging modality.
In our analysis of CT images, we used Hounsfield units alone to estimate AFD. This technique is in contrast to Potretzke et al, 31 who highlighted that CT image analysis using this method alone to identify adipose tissue could lead to overestimation of AFD due to the incorrect inclusion of colonic content. They recommended the exclusion of such artefact using specialist software and use of individualized Hounsfield cut-off values to improve correlation of measurements between CT and MRI. Potretzke et al did, however, note that the use of individually determined cut-off values was positively correlated with significant interobserver differences. We decided to adopt a homogeneous protocol for CT image analysis with the aim to minimize inter-and intraobserver differences and reduce timewastage. In keeping with this, a greater percentage of interobserver differences were noted on MR image analyses in which individually determined threshold segmentation was required.
Finally, we also considered the use of a volume-based vs single slice technique for assessment of AFD across imaging modalities. Borkan et al 27 demonstrated that when measuring AFD, there was no additional advantage of volumetric analysis from imaging performed at multiple levels. We therefore decided to adopt the single-slice technique at the level of the third lumbar vertebra, as this had also been previously utilized in numerous previous studies. 19, 20, 22 CONCLUSION These data show that the measurements of AFD taken from CT and MR images are valid for our patient population since intraand interobserver differences are not significant regardless of imaging modality. In addition, a strong interchangeable relationship was demonstrated between retrospective measurements of TAA, TAF, EAF, IAF and AWC on MRI and CT imaging performed without pre-defined research criteria and undertaken non-sequentially. The timing of imaging and positioning of the patient did not affect the linear relationship of AFD measurements on both imaging modalities. Based on our data, a new method for normalization of measurements between imaging modalities independent of scan timing is demonstrated, with results comparable to previously published prospective studies.
The methodology of this study has been designed to allow its findings to be utilized by a medical researcher in any speciality wishing to investigate outcomes as a function of AFD. The ultimate aim of this study was to develop a method that allows measurement of AFD which can be performed by the clinician in the outpatient setting and used to stratify patients undergoing reconstructive breast surgery according to complications. These data would be practically used to guide reconstructive approach according to risk but are foreseeably useful in the risk stratification of a range of procedures performed across several surgical specialities.
A system whereby valid measurements can be easily made from retrospective images has been described that provides an opportunity for researchers and clinicians to determine AFD without additional cost. It is hoped that the cost effectiveness and normalization features of this method will facilitate its inclusion in larger study populations as both CT and MRI may be reliably and interchangeably used. 
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